Rho GTPases, including RhoA, Rac1 and Cdc42, are key regulators of cell migration in animals. In a recent issue of Nature, two papers present delicate studies on precise roles and spatiotemporal coordination of Rho GTPases in live cells, using either a photoactivatable Rac1 or specific biosensors, together with computational multiplexing method. In addition to implications in cell migration, analytical tools and methods used in these works can also be extended into other live cell studies on complex cellular/molecular events.
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Rho family small GTPases RhoA, Rac1 and Cdc42 are important regulators of actin dynamics and cell adhesion in a variety of cellular activities including migration. Like other small GTPases, Rho GTPases associate with plasma membrane and cycle between their GTP-bound active state and GDP-bound inactive state. They thus serve as 'switches' at cell edges to achieve proper control over different signaling events through their downstream effectors. Guanine nucleotide exchange factors turn them 'on' by replacing GDP with GTP, whereas GTPase activating proteins turn them 'off' by promoting the hydrolysis of GTP to GDP. They also manifest strong interplays to presumably coordinate different cellular events: Cdc42-GTP can activate Rac1, whereas Rac1-GTP can repress RhoA activity (Ridley et al., 2003; Iden and Collard, 2008) .
Cell migration requires establishment of the front-rear asymmetry (polarization), followed by membrane protrusion at the front side and retraction at the trailing side, through coordinated regulations of actin dynamics and integrin-mediated adhesion to the substratum (Ridley et al., 2003; Iden and Collard, 2008 ). Early studies demonstrate that different Rho GTPases exhibit distinct functions. Active Rac1 induces extensive cell spreading through lamellipodium, a sheet-like protrusion containing dynamic meshworks of branched filamentous actin (F-actin).
Active Cdc42 causes extensive formation of filopodium, a finger-like actin-rich protrusion. In contrast, active RhoA leads to massive F-actin bundle (stress fiber) formation (Ridley et al., 2003; Iden and Collard, 2008) . Therefore, Cdc42 and Rac1 are generally proposed to function at the leading edge to induce cell polarization and lamellipodium formation, respectively, whereas RhoA is believed to mainly act at the cell body to facilitate contraction.
For better understanding of the spatiotemporal dynamics of active Rho GTPases during cell migration, their fluorescent biosensors were created mainly by Dr Klaus Hahn's group, based on the interactions between active Rho GTPases and specific effectors ( Figure 1A ) (Kraynov et al., 2000; Nalbant et al., 2004; Pertz et al., 2006) . The first of such biosensors was constructed for the detection of Rac1-GTP and utilized an optical effect called fluorescence resonance energy transfer (FRET), a process by which an excited donor fluorophore transfers its energy non-radiatively to a neighboring acceptor fluorophore (Kraynov et al., 2000) . This biosensor is made up of GFP-tagged Rac1 and Alexa 546 (a fluorescent dye)-labeled p21-binding domain (PBD) of p21-activated kinase. When Alexa 546-PBD is microinjected into cells positive for GFP-Rac1, its interaction with active GFP-Rac1 can produce a detectable FRET signal (Kraynov et al., 2000) . The FRET biosensor for RhoA-GTP is a fusion protein of RhoA, yellow fluorescent protein (YFP), cyan fluorescent protein (CFP), and the Rho-binding domain (RBD) of rhotekin (Pertz et al., 2006) . The latter biosensor is more user-friendly because it can be easily expressed genetically (Pertz et al., 2006) . The biosensor for Cdc42-GTP was constructed mainly by using the Cdc42/Rac interactive binding (CRIB) domain of the Wiskott -Aldrich syndrome protein conjugated with a fluorescent dye sensitive to protein conformation (Nalbant et al., 2004) . Using these three biosensors, the Hahn group has successfully demonstrated dynamic distribution of each active Rho GTPase in living fibroblasts and pinned down the leading edge as their common functional area (Kraynov et al., 2000; Nalbant et al., 2004; Pertz et al., 2006) . These works, however, were done separately, precluding direct comparison between results.
In a recent issue of Nature, Machacek et al. (2009) investigated detailed spatiotemporal relationships among Rho GTPases in spontaneously migrating cells by using the aforementioned or improved biosensors, together with a computational multiplexing approach that enables comparison between different cellular/molecular events observed in separate experiments. They initially imaged activity maps of each Rho GTPase-GTP in mouse embryonic fibroblasts (MEFs) and then performed computational analyses. Their results showed that RhoA exhibits maximal activity at the very front of the leading edge in synchrony with membrane protrusion. In contrast, active Cdc42 and Rac1 peak at 2 mm behind the edge with a 40 sec delay relative to protrusion and can then spread both anterogradely and retrogradely (Machacek et al., 2009) . They further managed to monitor activations of Cdc42 and RhoA simultaneously in the same cell and obtained similar results (Machacek et al., 2009) . The authors thus propose that, in addition to its role in contractility, RhoA also functions as an initiator of membrane protrusion by promoting actin polymerization, whereas Rac1 and Cdc42 may actually facilitate protrusion by regulating cell adhesion (Machacek et al., 2009) .
In another report of the same issue, Wu et al. (2009) neatly reexamined the role of Rac1 in live cell migration with a photoactivatable Rac1 (PA-Rac1). In Avena sativa phototropin1, the interaction between LOV2 domain and Ja region can be disrupted by light-induced conformational change (Harper et al., 2003) . The authors fused the LOV2-Ja sequence to constitutively active Rac1 to form a PA-Rac1 ( Figure 1B) (Wu et al., 2009) . They found that regional activation of PA-Rac1 by light irradiation is sufficient to induce protrusion and directional migration of MEFs. Regional irradiation also resulted in a rapid global repression of RhoA activity in HeLa cells. In contrast, a similar dominantnegative Rac1 construct generated retraction at the proximal side of irradiation, accompanied with protrusion at the opposite side (Wu et al., 2009) .
Whereas PA-Rac1 generates results consistent with previous studies on Rac1 functions in protrusion (Ridley et al., 2003; Iden and Collard, 2008) , the proposed role of RhoA-GTP in protrusion initiation at the leading edge (Machacek et al., 2009 ) is worth of further investigation. Interestingly, the lamellipodial F-actin network has recently been shown to differ from, yet partly overlap with, the one in the underlying region (termed lamella) in dynamics, constitution and function in epithelial cells. The former is rapidly assembled at the leading edge, fully disassembled within 1-3 mm and appears responsible for only random protrusion and retraction of lamellipodium. The latter, however, displays slower turnover and contributes mainly to cell spreading (Ponti et al., 2004; Gupton et al., 2005) . Activation of RhoA at the leading edge and the tight correlation of this event with edge advancement (Machacek et al., 2009) implies that RhoA might control the assembly of the lamellipodium network. Rac1, on the other hand, might be important for the lamella network.
Methodologies described in the two Nature papers can apparently be adopted for other studies. In fact, FRET biosensors have been used to detect protein kinase activity and cytosolic calcium. Light switches in Phototropin1 and other proteins such as Phytochrome B have been applied to neatly control activities of a variety of proteins including Cdc42, histidine kinase, dihydrofolate reductase, and Escherichia coli trp repressor. The computational multiplexing method can be very useful in many types of live cell studies as well.
